Persistent infection with high-risk (HR) human papillomaviruses (HPV) has been demonstrated as the necessary causal factor for developing high-grade cervical intraepithelial neoplasia (CIN) and potential progression to carcinoma of the cervix (1, 2, 21, 33, 47). There are more than 100 recognized HPV genotypes, of which approximately 40 have tropism specifically for the anogenital mucosa. Based on their epidemiological association with high-grade CIN and cervical cancer, anogenital HPV genotypes are divided into HR and low-risk (LR) types (11, 22) . Nearly all cases of cervical cancer have been shown to contain HR-HPV genotypes, with declining proportions found among high-grade and low-grade CIN lesions, respectively (1, 7, 22, 47). Most HPV infections, regardless of risk association, are transient and asymptomatic and cleared by host immunity without leading to obvious cellular abnormalities. However, persistent infection with the same HR-type substantially increases the risk for developing highgrade dysplasia (ՆCIN2), and ultimately cervical cancer (14, 16, 30, 48) .
Persistent infection with high-risk (HR) human papillomaviruses (HPV) has been demonstrated as the necessary causal factor for developing high-grade cervical intraepithelial neoplasia (CIN) and potential progression to carcinoma of the cervix (1, 2, 21, 33, 47) . There are more than 100 recognized HPV genotypes, of which approximately 40 have tropism specifically for the anogenital mucosa. Based on their epidemiological association with high-grade CIN and cervical cancer, anogenital HPV genotypes are divided into HR and low-risk (LR) types (11, 22) . Nearly all cases of cervical cancer have been shown to contain HR-HPV genotypes, with declining proportions found among high-grade and low-grade CIN lesions, respectively (1, 7, 22, 47) . Most HPV infections, regardless of risk association, are transient and asymptomatic and cleared by host immunity without leading to obvious cellular abnormalities. However, persistent infection with the same HR-type substantially increases the risk for developing highgrade dysplasia (ՆCIN2), and ultimately cervical cancer (14, 16, 30, 48) .
Considering the substantial association between HR-HPV infection and cervical cancer, it has been proposed that incorporation of highly sensitive HPV detection methods, such as HPV DNA testing, into current screening programs may improve the identification of cervical abnormalities in women. Several studies have shown that HR-HPV testing, either as an independent screening tool or as an adjunct to current Pap smear cytology, could improve the efficacy of population-based screening programs in detecting underlying lesions or their subsequent development, for triage of women with equivocal or minor cytological lesions and, as a follow-up test for women treated for high-grade lesions to predict treatment success or failure (4, 9, 19, 42, 49) .
There are a myriad of molecular tests for detecting HPV infection, of which the Hybrid Capture 2 assay (HC2; Digene Corp., Gaithersburg, MD) is the only commercial HPV DNA test currently approved by the U.S. Food and Drug Administration (5, 8, 27, 46) . In addition, there are numerous PCR amplification methods in widespread use, although most largely constitute nonstandardized in-house assays. PCR-based systems frequently used for HPV detection include the primer sets GP5ϩ/GP6ϩ (10, 15) and MY09/11 and their subsequently modified and improved derivatives PGMY09/11 (12, 13) and the SPF10 system (18, 24, 25) , which have been coupled with reverse line-dot blot systems for additional HPV genotyping (25, 36, 43, 44, 45) . Only recently have such broadspectrum PCR-based HPV assays become commercially available, in particular, the AMPLICOR HPV (AMP) test and the LINEAR ARRAY HPV genotyping (LA) test (Roche Molecular Systems, Alameda, CA) (20, 32, 44) . These are both qualitative HPV tests that utilize primer sets that amplify a pool of HPV types, with AMP capable of detecting up to 13 HR-HPV genotypes (identical to those detected by HC2) and LA capable of detecting and distinguishing up to 37 individual genotypes (including the 13 HR types detectable by the AMP test and HC2). It has been postulated that these PCR-based HPV tests could provide alternative and rapid means for detecting HR-HPV in clinical samples. However, information on their performance relative to the HC2 assay in clinical settings is very limited.
Therefore, the purpose of the present study was to assess the concordance levels between the HC2, AMP, and LA HPV tests in detecting HR-HPV in cervical specimens collected from women being managed and treated for an abnormal Pap smear result and thereby provide insight into their clinical utility.
MATERIALS AND METHODS
Study population and specimen collection. The study cohort comprised 1,679 women who presented for evaluation of a previously diagnosed abnormal Pap smear result between May 2001 and June 2005 at the Dysplastic Clinic of the Royal Women's Hospital, Melbourne, Australia. Of the study cohort, 97% of the women were referred with abnormal Pap smear results, varying from low-grade to high-grade dysplasia. The remaining women were referred due to postcoital bleeding, an abnormal-looking cervix, or ongoing review of previous abnormality. Prior to undergoing treatment for histologically defined abnormalities, a cervical specimen for ThinPrep cytology, along with simultaneous HR-HPV detection by HC2, was collected from each woman. Specimens were collected by Cervex brush (Rovers Medical Devices B.V., The Netherlands) and rinsed into ThinPrep vials containing PreservCyt fixative solution (Cytyc Corp., Boxborough, MA). Specimens were routinely analyzed by HC2 assay on a fortnightly basis, while testing for HR-HPV by AMP and LA tests was performed in batches. The mean age of women in the present study, at the time of specimen collection, was 29.8 years (standard deviation, 7.9 years; range, 15.5 to 66.2 years; median, 28.2 years).
Cytological and histological analysis. Cervical specimens, collected on the same day as the treatment, were analyzed for cytology by liquid-based Pap smear and, where available, tissue collected during excision treatment was histologically assessed. All women were examined by colposcopy both prior to and on the day of treatment. Of the women who had a biopsy collected prior to treatment (ca. 89%), not on the same day as the operation, 95% were shown to have histologically confirmed disease (i.e., low-grade dysplasia or worse). The average lag time between this prior histological examination and sample collection for the present study was 76 days (range, 9 to 462 days). Of the 1,679 patients, excision (including loop electrosurgical excision procedure or cone biopsy) was used to treat 899 (53.5%) women, enabling subsequent histological analysis, while the remaining 780 (46.5%) were treated by laser ablation, where no sample was available for histology. The decision on treatment type was independently made by approximately 10 doctors in the early phase of the study. All women were treated by either excision or laser for high-grade dysplasia or persistent low-grade dysplasia. Women with normal histology prior to treatment (ca. 5%) were treated on the basis of persistent abnormal Pap smear results or other symptoms such as postcoital bleeding. A subset of the histology results (n ϭ 148) had a random adjudicated "blinded" pathological review by an independent histologist. HC2 assay. All 1,676 cervical specimens collected in PreservCyt, for liquidbased Pap screening, prior to treatment were routinely tested by HC2 for highrisk HPV DNA according to the manufacturer's instructions. according to the manufacturer's protocol, a 4-ml aliquot of PreservCyt specimen was processed, centrifuged, and resuspended into a 150-l mixture of specimen transport medium and denaturation buffer (Digene). A 75-l aliquot of this resuspension was utilized in the HC2 assay, an amount equivalent to 2 ml of the original specimen.
DNA isolation. For AMP and LA HPV testing, cellular and viral DNA was extracted from PreservCyt cervical specimens by using the automated MagNA Pure LC (MP) isolation and purification system (Roche Molecular Systems) with a modified protocol (38) . Briefly, 1-ml aliquots of PreservCyt specimens were centrifuged at 13,000 ϫ g for 20 min prior to supernatant discard and resuspension of cell pellets into 200 l of sterile phosphate-buffered saline, which were extracted by MP using the DNA-I isolation kit into a final volume of 100 l.
AMP test. The AMP test involved amplification of a target region within the genomic DNA, hybridization to a microwell plate, and subsequent colorimetric detection. The PCR utilized biotinylated primers specific for a target sequence, approximately 165 bp in size, spanning a variable region within the polymorphic L1 gene of the HPV genome. These primers are specifically targeted to amplify HPV DNA from the same 13 HR anogenital types detectable by HC2 (i.e., types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 , and 68). An additional biotinylated primer set simultaneously amplifies a region (ϳ268 bp) within the human ␤-globin gene to ascertain specimen adequacy, DNA extraction, and amplification efficiencies (12, 13) . PCR was performed in a 100-l reaction volume according to the manufacturer's recommendations. To maintain an equivalent amount of DNA to the standard AmpliLute protocol (equivalent to approximately 100 l of original specimen), 10 l of MP-extracted DNA was used (38) . In brief, the AmpliLute protocol extracts 250 l of specimen by an QIAamp MinElute column and QIAvac 24 Plus vacuum system (QIAGEN, Inc., Valencia, CA) into a final volume of 120 l, with 50 l of DNA extract used in the LA of AMP HPV test (equivalent to 104 l of original specimen). This adjustment was performed to account for the increased volume of PreservCyt sample processed for DNA extraction (1 ml versus conventional 200 l), thereby maintaining an equivalent proportion of cervical cells to the standard protocol (38) . Amplification and detection protocols were performed as described by the manufacturer. Amplification was performed in a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA). For detection, absorbance readings of greater than 0.2 were classified as positive for either HPV or ␤-globin presence.
LA HPV genotyping test. The LA HPV genotyping test included PCR amplification of target DNA followed by hybridization using a reverse line blot system for simultaneous detection of up to 37 (45) . The LA HPV genotyping test amplifies a region (ϳ450 bp) within the HPV L1 gene using a pool of biotinylated PGMY primers. As with the AMP test, this test incorporates the amplification of a region within the ␤-globin gene as an internal control. PCR was performed in a reaction volume of 100 l using 50 l of MP-extracted DNA (equivalent to 500 l of original specimen). Five times more DNA was used in the LA test relative to the AMP test to increase the sensitivity of the LA test in concordance with the standard AmpliLute manual extraction method, as previously described (38) . Denatured PCR amplicons were hybridized and detected using the recommended LA protocol, with the modification of using an orbital microplate shaker and dry-air incubator at 53°C in place of the shaking water bath (37, 40) . The LA HPV genotyping strips were manually interpreted using the HPV reference guide provided and classified as LA positive (LA ϩ ; detection of at least 1 of the 13 HR-HPV genotypes) or LA negative (LA Ϫ ; detection of exclusively LR-HPV genotypes).
Statistical analysis. Statistical analyses were performed using 2ϫ2 contingency tables (http://www.graphpad.com/quickcalcs/), with two-sided P values calculated by using either the Fisher exact test or the McNemar's test for comparison of paired proportions. All P values of Ͻ0.05 were considered statistically significant. 
RESULTS
A total of 1,679 cervical specimens were analyzed by the HC2, AMP, and LA tests. Three specimens were negative for ␤-globin and HPV by the two PCR-based tests and removed from subsequent analyses. Collectively, specimen adequacy, as determined by the positive ␤-globin results, was 99.8%. Of the remaining 1,676 valid specimens, HR-HPV prevalence was as follows: HC2, 64.0%; AMP, 73.3%; and LA, 72.6% (Table 1) . Of these 1,676 specimens, 1,393 (81.3%) showed complete concordance for the presence or absence of HR-HPV by the three tests (1,009 positive and 384 negative). The concordance levels between HC2 and AMP and between HC2 and LA were 84.4% ( ϭ 0.6419) and 84.0% ( ϭ 0.6341), respectively. VOL. 45, 2007 COMPARISON OF HC2, AMPLICOR, AND LA HPV TESTS 2131
Concordance between AMP and LA was 97.8% ( ϭ 0.9441) ( Table 1 ).
The discordant results between the three HPV tests are summarized in Table 2 f Possibly due to a combination of lower sensitivity of the LA and HC2 cross-reactive types, since seven contained at least one of the types (53, 66, 67, 70, 71, 73, or CP6108) and a further two contained one of the types (6, 11, 26, 40, 42, 83 , or 84), totaling 9 of 11 (81.8%) with known cross-reactive types (66 ͓n ϭ 6͔ and CP6108 ͓n ϭ 2͔).
g Specimens with HR-HPV types 16 (n ϭ 1), 18 (n ϭ 1), 45 (n ϭ 2), 52 (n ϭ 2), 58 (n ϭ 2), 59 (n ϭ 2), and 68 (n ϭ 1 Ϫ /LA ϩ specimens, 1 specimen was HC2 positive and 11 were HC2 negative, the latter comprising HPV genotypes 16, 18, and 68 (one of each) and 45, 52, 58, and 59 (two of each) ( Table 2) .
Liquid-based cytology results, from cervical smears at time of treatment, were available for 1,560 (93.1%) of women, whereas histological results from tissue obtained during treatment were available for 899 (53.6%) women, since the remainder were treated by laser ablation. All cytological normal results were from women with a previous abnormal Pap smear result. Among the 531 women with "normal" cytology at the time of treatment, 252 (47.5%) were treated by an excision procedure, of whom 69 (27.4%) were diagnosed with histological high-grade dysplasia (ՆCIN2). In addition, of these 531 women, 282 had a colposcopy examination at time of treatment, with 251 (89.0%) reported as having minor abnormalities or worse (i.e., ՆCIN1), including 38.3% with ՆCIN2. The correlation of HR-HPV detection with liquid-based cytology and histology results is detailed in Tables 3 and 4 , respectively, with a result of ՆCIN2 defined as "disease positive" for calculating clinical sensitivity and specificity. When we compared HR-HPV detection with cytological prediction (n ϭ 1,560), the clinical sensitivities and specificities were determined as follows: HC2, 87.4 and 46.6%; AMP, 95.2 and 36.9%; and LA, 94.8 and 38.0%, respectively (Table 3) . When we compared HR-HPV detection to histological diagnoses (n ϭ 899), the clinical sensitivities and specificities were as follows: HC2, 79.0 and 55.7%; AMP, 91.7 and 49.7%; and LA, 91.0 and 50.8%, respectively (Table 4) . When we used HR-HPV detection as a predictor of underlying high-grade cervical disease (i.e., ՆCIN2), there was a significant difference in predicting cervical dysplasia, with the AMP or LA HPV test superior to HC2 (P Ͻ 0.0001).
Overall, HR-HPV prevalence increased in parallel with increasing cytological and histological severity regardless of age stratification ( Fig. 1 and 2 ) with the exception of an HC2-negative result from a possible malignancy (as predicted by cytology), diagnosed as adenocarcinoma in situ (ACIS) by histology, and four HC2-negative results among nine women with histologically diagnosed ACIS. Of the 1,560 cytological results, a significantly higher proportion of specimens tested positive for HR-HPV by either the AMP or the LA test than by HC2 in women with a normal Pap smear result, as well as in women diagnosed with CIN2 or CIN3 (together with high-grade abnormality, i.e., ՆCIN2) ( Table 3) 899 histological results, a significantly higher proportion of specimens tested positive for HR-HPV by either PCR method in women with diagnosed CIN2 or CIN3, than by HC2 (Table  4 ). All three tests performed similarly among the normal and CIN1 groups, as well as in detecting the nine squamous cell carcinoma cases. There were no significant differences between the AMP and LA tests among all cytological and histological results. When subjects were stratified by age (Ͻ30 years or Ն 30 years), there was no difference in HR-HPV prevalence as determined by HC2, AMP, or LA among women with cytologically predicted CIN1 (data not shown), However, when the same age stratification was applied to women with "normal" cytology, HR-HPV prevalence was significantly lower as determined by HC2 than as determined by either AMP or LA (P ϭ 0.0043). Among women either normal or with CIN1 cytology, HR-HPV prevalence was significantly lower in women Ն30 years old than those Ͻ30 years old when tested by HC2 (P ϭ 0.0444 and P Ͻ 0.0001), AMP (P ϭ 0.0047 and P ϭ 0.0007), and LA (P ϭ 0.0081 and P Ͻ 0.0001) (Fig. 1) . This was not the case among age-stratified women examined histologically, with the only significant difference being among women (Ͻ30 years old or Ն30 years old) with CIN1 and tested by LA (P ϭ 0.0117) (Fig. 2) .
DISCUSSION
In this study, the concordance levels of three commercially available HPV detection kits-the U.S. Food and Drug Administration-approved HC2 assay and the PCR-based AMP and LA tests-were evaluated for the detection of 13 recognized HR-HPV genotypes in a highly referred cohort of 1,679 women with previously reported abnormal Pap smear results. Overall, agreement levels varied from 84.0% (HC2 versus LA, ϭ 0.6341), to 84.4% (HC2 versus AMP, ϭ 0.6419), to 97.8% (AMP versus LA, ϭ 0.9441), indicating substantial correlation between HC2 and either PCR-based test and nearly perfect correlation between both Roche HPV tests. Both PCR-based tests identified a significantly higher prevalence of HR-HPV than HC2: 72.6 and 73.3% versus 64.0%, respectively (P Ͻ 0.0001). This finding was not unexpected due to the higher analytical sensitivity of PCR-based methods over signal amplification assays, such as HC2. The high ␤-globin positivity (99.8%) further confirms the high efficiency of the MP extraction system as a means of specimen processing prior to HPV testing by either PCR-based assay, as reported previously (38) .
Given that both Roche HPV tests have only recently become commercially available, there are few population-based studies comparing their performance in HR-HPV detection. Two recent studies reported comparative analyses between the HC2 and the AMP tests in their ability to detect HR-HPV genotypes among cervical specimens, with similar levels of concordance identified between tests (29, 32) . The first study analyzed a cohort of 167 women presenting for either screening, evaluation of an abnormal Pap smear result, or follow-up posttreatment, for the presence of 13 HR-HPV genotypes, with concordance between HC2 and AMP reported at 83% (32) . The second study prospectively evaluated 312 cervical scrape specimens for the same 13 HR-HPV types. Concordance levels between the HC2 and AMP tests were 85.9% (29) . A very similar level of agreement between HC2 and AMP was identified in the present study at 84.4%, based on a significantly larger study cohort and thus with higher levels of confidence. A comparable concordance level was found when HC2 was compared to the LA test at 84.0%.
The positivity rates, varying from 64.0% (HC2) to 72.6 to 73.3% (LA and AMP, respectively), of HR-HPV among this cohort of women with a previous abnormal Pap result were similar to the rate of 65.9% detected by AMP among a cohort of 270 women being managed for an abnormal Pap smear result (20) . The higher rates of HR-HPV detected by AMP in the present study, compared to that reported earlier (20) , may be attributable to the difference in mean age of the cohorts (29.8 years versus 35.0 years), since HPV prevalence has been shown to decline with age (3). As would be expected, the AMP positivity rates of HR-HPV among screening cohorts are considerably lower (20, 29, 32, 44) . It should be reiterated that the present study population is a highly referred group, having previously reported abnormal Pap smear results, with an inflated disease prevalence and a consequent selection bias. Therefore, the current clinical performance of these HPV assays must be viewed in this light and should not be inappropriately extrapolated to more general screening populations where these tests will be most likely used.
The levels of discordance between HPV tests varied from 15.6 to 16.0% between HC2 and PCR-based tests to only 2.2% between the AMP and LA tests among the 1,676 valid specimens. The majority of discordance comprised specimens testing as HC2
Ϫ /PCR ϩ , a finding that can be attributed to the increased sensitivity of PCR-based testing. Of the HC2 ϩ / AMP Ϫ discrepancies, 51 of 52 specimens were confirmed as containing no HR-HPV by LA, with 1 specimen containing HPV-45. LA genotyping demonstrated 47 of 51 of these specimens contained at least 1 LR-HPV genotype, with 4 of 51 remaining uncharacterized. A number of recent studies have demonstrated a level of internal cross-reactivity with specific LR-HPV genotypes when the HC2 HR-HPV assay is used (6, 26, 28, 41) . Interestingly, all LR-HPV genotypes detected among the 51 HC2 ϩ /AMP Ϫ /LA Ϫ specimens have been described as potential HC2 cross-reactive types. Notably, 32 contained at least one of the types (types 53, 66, 67, 71, 73, and CP6108), described as cross-reactive (26) , with an additional 13 containing the cross-reactive types (types 6, 11, 26, 40, 42, 83 , and 84), also described previously (41) . The remaining two HC2 ϩ /AMP Ϫ /LA Ϫ specimens were composed of single HPV infections (HPV-54 or HPV-61), described as cross-reactive (6, 28). The predominant cross-reactive genotypes identified among the HC2 ϩ /PCR Ϫ specimens included HPV-53 (n ϭ 15), HPV-42 (n ϭ 9), HPV-66 (n ϭ 6), HPV-73 (n ϭ 6), and HPV-CP6108 (n ϭ 6). HPV-53 and HPV-66 are the most widely identified cross-reactive genotypes (6, 26, 28, 41) , which have been suggested as potential HR types through epidemiological association with cervical cancer (22, 23, 39) , and may be considered clinically important.
To evaluate the ability of the HC2 assay and the AMP and LA tests to detect HR-HPV genotypes in this highly referred cohort of women with previously identified abnormal Pap smear results, histological diagnosis or cytological prediction were used as standards against which the three HPV tests were assessed. Despite the substantial levels of concordance ob-VOL. 45, 2007 COMPARISON OF HC2, AMPLICOR, AND LA HPV TESTS 2135
at Penn State Univ on February 7, 2008 jcm.asm.org served between tests, the AMP and LA tests generated significantly higher rates of HR-HPV positivity than HC2 among women with normal Pap smear results (including smears classified as ՅCIN1). It should be emphasized that the cytologically normal women at the time of treatment were initially enrolled in the present study cohort due to a previous abnormal Pap smear result. Therefore, it is highly likely that a considerable proportion of these cytologically normal women harbor underlying residual disease, possibly missed due to the lower sensitivity of cytology. This is supported by the fact that 27.4% of the available 252 histological samples (with normal cytology) were diagnosed with ՆCIN2 and that 38.2% of 282 women with normal cytology had a colposcopy examination prior to treatment reported as ՆCIN2. In women reported as having normal or CIN1 cytology, the prevalence of HR-HPV was significantly higher among women under 30 years of age than in women Ն30 years old, using either the AMP or the LA test. In a recent study it was reported that despite being cytologically "normal" a single HR-HPV positive result can still be considered substantially predictive of future high-grade CIN development (17) . However, it should be noted that HR-HPV prevalence in the present study was not statistically different among women with "normal histology" when HC2 was compared to either the AMP or the LA test. Given the higher sensitivity of histology over cytology, the use of histology as the standard should be considered a more accurate method for comparing the clinical value of these HPV tests. It has been well established that HPV testing has far greater sensitivity for HPV detection than conventional cytology, although at a cost of reduced specificity. The negative predictive values of HR-HPV tests (i.e., the proportion of women testing negative who are correctly diagnosed as being not at risk) is generally very high, approaching 100% for lesions classified as ՆCIN3, far greater than that of cytology (31, 35, 49) . In the present study, the negative predictive values were high (higher when HR-HPV was compared to cytology than to histology). However, it should be noted that the values calculated here were based on the diagnosis of ՆCIN2, thereby lowering the predictive values. When we based these values on ՆCIN3, the values were indeed near 100% (particularly compared to cytology). In the present study, compared to cytology, 1 of 227 (0.4%) ՆCIN3 samples was classified HR-HPV negative by AMP and LA (7.0% by HC2); compared to histology, this value varied from 16 of 329 (4.8%) for AMP to 20 of 329 (6.1%) for LA, among ՆCIN3 samples (15.5% by HC2).
Of importance to the statistical analysis of this data set, particularly the low specificity levels, is the fact that the study cohort was composed of women who were referred due to an initial abnormal Pap smear result after routine screening and, therefore, likely to have been HPV positive. All women were referred for a colposcopy examination, and many lesions could have been biopsied, resulting in the initiation of an immune response and subsequent clearance of the lesion. However, it has been reported that the clearance of HPV genotypes occurs later than the regression of cervical abnormalities (34) . Therefore, despite the initial cervical abnormalities that initiated the referral, specimens collected some time later for DNA testing, cytology, and/or histology (range, 9 to 462 days; median, 65 days) may have been obtained subsequent to disease regression, although still harboring detectable HR-HPV DNA. It would be reasonable to expect that in a primary screening setting, the specificity of both PCR-based HPV tests would be substantially greater.
In conclusion, the commercially available AMP and LA HPV tests are relatively easy to use and provide a rapid and standardized method for detecting and genotyping HPV, respectively. In the current setting, both PCR-based tests exhibited greater sensitivity for detecting HR-HPV, particularly among women with high-grade disease (ՆCIN2), and yet lower specificity than HC2. Both the AMP and the LA tests should be considered for clinical use in the detection of HR-HPV, in particular for a test of cure, given their greater sensitivity and, in conjunction with the LA test, could be used to predict treatment success or failure, reinfection, and/or new infections. Finally, the high sensitivity of the Roche HPV tests should be considered of significant value as an epidemiological tool for prevalence studies as well as for pre-and postprophylactic vaccine intervention for analyses of HPV infections.
